Numerous factors have the potential to affect the amount of forage or pasture eaten by ruminant animals, including gut capacity, ability of tissues to metabolize nutrients, ruminal acidity, and osmolality. Much research into the control of food intake has tested one particular theory, often by applying greater degrees of stimulation than occur naturally, and is then unable to explain how physiological changes in that stimulus can be responsible for controlling intake. We have found that the effects of two or three stimuli (sodium acetate, sodium propionate, ruminal distension) applied together were additive. As to the site of this integration, receptors in the rumen wall are sensitive to both mechanical stimulation and acids, with transmission of impulses in vagal afferent fibers probably modulated by the osmolality of ruminal fluid. Thus, a certain degree of integration ("polymodal") is likely to have occurred at the level of the transceiving organ. A second level of integration is "polytopic." In this level stimulation of one visceral site modifies the effects of the same type of stimulus at another site. A third level of integration occurs in the central nervous system, whereby the effects of visceral stimulation might be balanced with signals from other stimuli (e.g., the special senses) to determine whether feeding should take place at any given moment. The thesis presented is that the central nervous system receives a nonspecific signal from the viscera; the animal might then learn to eat that amount of food that minimizes the competing discomforts of excessive abdominal visceral stimulation and shortage or imbalance of nutrients.
Introduction
The control of voluntary food intake by ruminants has been studied by many research groups over the past 40 yr, using a wide variety of techniques. Over this period several theories have been proposed, each based on a particular factor. For example, observations that forage intake is often positively related to the rate or extent of digestion in the rumen led to the "physical" theory, which has been supported both by the discovery of receptors in the rumen wall sensitive to stretch and touch and by the fact that intake is depressed when the capacity of the rumen is reduced (e.g., by balloon distension; Allen, 1996) . Another theory is that concentrations and flows of nutrients and energy, including volatile fatty acids ( VFA) produced by fermentation in the rumen, are involved in controlling intake (Illius and Jessop, 1996) ; another theory is that ruminants eat that amount of forage that gives the optimum yield of net energy per unit of oxygen consumed (Ketelaars and Tolkamp, 1996) . Most authors have accepted that the factor they studied was just one of many possible, and interacting, factors.
Detractors of a particular theory of intake control often point out that, in order to depress intake significantly, it is necessary to apply an experimental administration of the factor in question at a level far in excess of that achieved in the animal under normal conditions. Thus, they argue that the factor in question cannot be a "physiological" controller of intake, but it has been proposed that the effects of these signals are additive (Forbes, 1980b) .
This review briefly describes the types of information available to the central nervous system, presents evidence for integration of signals emanating from various types of receptors, and discusses the extent to which evidence supports the theory of additivity, which has the advantage of being uncomplicated and testable. Incorporation of these concepts into mathematical models is then discussed before finally the Relationships between volume of water in balloons in the rumen (liters, . . .), quantity of acetate infused into the rumen (mol/3 h, --) or quantity of sodium propionate infused into the rumen (mol/3 h − −) and voluntary intake of silage (kg DM/3 h) by lactating dairy cows .
practical implications are considered. Much of the knowledge is from laboratory animals and humans, but where this is used it will be related to ruminants.
Types of Information Available to the Central Nervous System
Abdominal receptors for mechanical, chemical, and temperature stimuli, which transmit their information via the vagus nerves and sympathetic nervous system, have been described by Forbes and Barrio (1992) . It is uncertain, however, whether the supraphysiological stimulation required to significantly depress food intake represents an extremity of a dose-response relationship that includes also a small (and often nonsignificant) depression in intake caused by mild and physiological stimulation of one type of receptor. The question of whether abdominal pain is caused by stimulation of specific pain receptors, or whether it is due to extreme stimulation of receptors otherwise involved in normal regulatory processes, is still open. On the one hand, Cervero (1994) presented evidence for the former hypothesis and Cervero and Tattersall (1987) said that it is accepted that spinal afferents carry visceral sensation (including pain) whereas vagal fibers are concerned only with the reflex regulation of visceral function.
On the other hand, Janig and Morrison (1987) viewed abdominal pain as an extension of normal sensitivity to stimuli such as distension of a viscus or irritation of a mucosal surface by chemicals. They concluded that the same afferents responsible for abdominal pain are also responsible for physiological functions, but that different ranges of stimulation are involved. The majority of neural units studied in various abdominal viscera have stimulus-response functions that cover the normal and supranormal ranges of pressure.
Rumen Receptors. In order to decide for ourselves about ruminants, it is necessary to investigate a range of stimuli and to determine to what extent the response is smooth rather than step-like. Figure 1 shows some possible relationships between dose (in this case degree of distension or concentration of chemical) and response (in this case change in food intake). If the significant depression of intake during supraphysiological stimulation is due to special pain receptors, then the step function will apply; otherwise the smooth function will be expected.
In our research with lactating Holstein-Friesian cows, we inflated balloons in the rumen with warm water for 3 h or infused sodium acetate or sodium propionate into the rumen over a 3-h period with grass silage on offer . Figure 2 shows the voluntary intake of forage DM during the treatment periods; for all three stimuli there is a relatively smooth relationship between dose and response that encompasses the physiological and supraphysiological ranges.
Therefore, our results support the smooth response rather than the step function in which individual treatments applied at "physiological" levels do not significantly depress intake. This means that factors such as gut distension are either not involved in the control of intake or the modest changes in signals are summed to provide a general, total signal of visceral stimulation. It has often been assumed that whichever of the various potential intake-limiting factors is most important under a given set of conditions, it will be this factor that limits intake (see below on Models). It is, however, most unlikely that stimulation of receptors that do not affect intake under these conditions Figure 3 . Depression (in percentage) in intake of grass silage by lactating cows, compared with controls, caused by ruminal infusion of sodium acetate (A, 9 mol/3 h) or sodium propionate (P, 4 mol/3 h) or distension with a balloon (D, 10 L for 3 h), or with combinations of these . There is approximate additivity of the effects of all combinations other than acetate and propionate.
(e.g., ruminal distension) must disappear when some other stimulus (e.g., ruminal acidity) is sufficiently strong to control intake. Therefore, the signals generated by various types of receptors are probably integrated rather than being mutually exclusive.
Duodenum and Intestines.
Sheep have chemo-and mechanoreceptors in the wall of the duodenum and the rest of the intestines (Cottrell and Iggo, 1984) , which respond to titratable acidity but not to glucose, osmo-, or thermo-stimulation, unlike non-ruminants, in which glucose receptors have been identified (Mei, 1985) .
Liver Receptors. Infusion of sodium propionate into the hepatic portal vein depresses intake by sheep, whereas infusion at the same rate into the jugular vein has no effect (Anil and Forbes, 1980) . Almost complete section of the hepatic plexus, bilateral splanchnotomy, or temporary blockage of nervous transmission in the splanchnic nerves all prevent the intake-depressing effect of propionate given into the hepatic portal vein Forbes, 1980, 1988) . These effects are consistent with neural receptors in liver sensitive to availability of oxidizable substrates (including propionate; Forbes, 1988) . The doseresponse relationship has not been studied in sufficient detail in this case to reach conclusions about its shape. There are thermo-and osmo-receptors in liver that might also be involved in satiety (Andrews, 1987) .
Social and Environmental Factors. Some constraints to eating are imposed by the external environment, interacting with the animal's internal limits. For example, ruminants seem to be unwilling to spend more than about 12 h per day eating, so that if the rate of eating is very slow, as with sparse pasture, then intake is limited by the time spent eating. However, it seems most unlikely that there is a sudden fixed end to eating when a given number of hours has passed, but rather a limit that is influenced by demand for nutrients, time required for rumination, and other important (to the animal) activities.
It is clear, therefore, that there are a great number of receptors in the various parts of the digestive tract and associated organs, which are sensitive to several physical and chemical stimuli and which transmit their information to the central nervous system via several routes. This information is integrated with that coming from the special senses and memory, and the next section deals with how all this information might be integrated into the food intake-controlling system.
Evidence for Integration
To help us understand the integration process we have performed several experiments in which we applied two or three stimuli, either separately or together, and observed the effects on food intake. Infusion of sodium acetate into the rumen of sheep at the high physiological rate of 2 mmol/min for 3 h depressed intake of a pelleted feed by 44%, whereas with sodium propionate infused into the hepatic portal vein at 0.6 mmol/min the depression in food intake was 19%; when the two were given simultaneously intake was depressed by 60%, i.e., approximately additive (Adams and Forbes, 1981) . In a second experiment, acetate was infused into the rumen at 2 mmol/min, depressing intake by 12%, and a balloon in the rumen was inflated with 1 L of water reduced intake by 18%; both together depressed intake by 50%, i.e., more than additive, but not significantly so.
The ruminally-fistulated lactating cows referred to in the previous section were used to assess the effects of the sodium salts of acetate and propionate and of inflation of a balloon in the rumen, separately or together at "physiological" levels . With silage as the basal feed, the following treatments were given into the rumen either separately or in combination for 3 h: 9.0 mol of sodium acetate (A), 4.0 mol of sodium propionate ( P ) or 10.0 L of distension ( D ) depressed intake by 11%, 12%, and 11%, respectively. None of the reductions in food intake induced by these treatments given alone were significant. The combined effects of A + D and P + D (34% depression in each case) were both significant and approximately additive. However, A + P depressed intake by only 12%, i.e., the same as either salt given alone, even though it caused a significantly greater increase in the osmolality of ruminal contents. The combination of all three treatments gave a greater and more highly significant depression in intake (62%) than with any other combination (Figure 3) .
Previous work in which a mixture of sodium acetate and sodium propionate was infused into the rumen of goats during spontaneous meals had the same effect on food intake as the same molar amount of either salt given alone (Baile and Mayer, 1969) , also suggesting additivity (although this result could also be explained by osmotic effects). However, the effects of sodium acetate on the intake of hay by young cattle were reversed when half of the acetate was replaced by sodium propionate (Bhattacharya and Warner, 1968) , which does not fit the additivity theory, nor can it be explained by invoking osmotic effects. It seems likely that the effects of the two VFA given together depend on their ratio in relation to the optimal ratio for the metabolism of the animal in question, as discussed by Illius and Jessop (1996) . Nutrient imbalance depresses intake by mechanisms that are as yet unclear (Forbes 1995) : infusion of a balanced mixture of nutrients, or one that while being imbalanced in itself nevertheless corrects an existing imbalance, is likely to have a less severe effect on intake than one that creates an imbalanced situation. In both cattle and sheep, however, the approximate additivity between effects of VFA and distension of the rumen seems clear.
Concepts of Integration
This section covers the physiological bases of this apparently additive integration. Forbes and Barrio (1992) , reviewing the roles of visceral receptors in the control of ruminant food intake, summarized evidence that one stimulus (e.g., distension) excites several types of receptors (in various parts of the digestive tract) and one type of receptor (e.g., in the anterior rumen) is excited by several types of stimulus (stretch, touch, acidity, osmolality). Therefore, the presence of digesting food material passing through the tract stimulates a wide array of receptor types, each type in a different manner, and the information passed to the central nervous system is very complex. What is measured by the experimenter simply as the volume of digesta in the rumen, the central nervous system may view as "a composite quality depending not on the absolute volume of the contents but on the rate of change of volume, the tonic state of the visceral muscle, the texture and chemistry of the contents and the extent to which the contents displace the viscus on its mesenteric attachment. Such possibilities illustrate the difficulty of defining and quantifying a visceral stimulus" (Leek, 1977) . The strength of signals from gut to central nervous system depends not only on the pressure applied but also on the length of intestine to which it is applied and on the duration of application. If we doubt the subtlety of sensation that can be relayed from the digestive tract to the central nervous system, let us think how we can (usually) differentiate between the presence of gas or liquid in the rectum! In principle, there are three ways in which information arising from stimulation of different types of receptors, from different stimuli, or from both can be integrated: 1 ) one type of receptor might be sensitive to more than one class of stimulus, 2 ) one type of stimulus might affect more than one type of receptor, and 3 ) integration of signals might occur at the level of the central nervous system. These will be examined in turn.
Polymodal Integration in the Digestive Tract
Many receptor types are sensitive to more than one class of stimulant. Almost all the receptors that respond to physical stroking of the gastric mucosa also respond to chemicals, including titratable acidity (Leek and Harding, 1975) . The mucosal receptors are not spontaneously active even when gastric motility is present, but discharge only when chemicals are applied. In the sheep duodenum, most units that responded to mechanical stimuli also responded to titratable alkalinity (Cottrell and Iggo, 1984) .
Increased osmolality of ruminal fluid indirectly affects voluntary food intake by depressing salivary secretion (Warner and Stacy, 1977) , which results in hypertonicity of ruminal contents and blood that, in turn, is likely to depress feed intake (Ternouth and Beattie, 1971) . Despite clear demonstrations of osmotic effects on feeding (Grovum, 1995) there is no consistent experimental evidence of osmoreceptors located in the ruminal wall or duodenum (B. F. Leek, personal communication) . This discrepancy might be explained as follows: osmotic changes in the rumen, such as would occur during and for some time after an infusion of sodium salts into the rumen, induce changes in the concentration of sodium and potassium in the extracellular fluid of the ruminal mucosa. Forbes and Barrio (1992) have suggested that the increase in extracellular sodium increases the likelihood of transmission of an action potential in view of the fact that removal of sodium from the extracellular fluid abolishes transmission. In the experiments in which solutions were gently sprayed onto the exposed ruminal mucosa of anesthetized sheep (Leek and Harding, 1975) there would be little nervous activity and therefore little chance to show a modifying effect of osmolality. In conscious feeding sheep, in which epithelial receptors are being continually stimulated, both physically and chemically, there is plenty of opportunity for osmotic changes to attenuate or amplify the action potentials passing along the axons, hence the observed osmotic effects on feeding. This, then, is polymodal stimulation in the sense that the effects of one stimulus (mechanical or chemical) is modified by the effects of another (osmolality) acting on different parts of the functional neuronal unit.
Polytopic Integration in the Digestive Tract
Several stimuli applied at different anatomical sites can present the central nervous system with a stronger signal than any one given individually (see section on additivity above). In the simplest case, afferent fibers converge on the same dorsal root of the spinal cord and their messages to the brain are totally intermixed. The spinal cord is an integrative organ in its own right and a major highway between the brain and the inner world (Janig, 1987) . There is some evidence that integration occurs in the sympathetic ganglia, but knowledge is very limited.
Convergence in Spinal Cord. In view of the fact that there is little relationship between the mass of abdominal visceral tissue innervated and the number of afferent fibers, Andrews (1987) assumed that this means that larger animals, including ruminants, have more branched fibers, i.e., more convergence of information from the abdomen. The nervous system of mammals is very convergent, as neurons have many inputs (dendrites) but only one output (axon).
Probably the best known example of convergence is the phenomenon of referred pain (e.g., angina pectoris in humans, in which pain feeling to come from chest muscles is in fact coming from the diseased heart). The fact that fibers from chest muscle and heart converge in the dorsal roots of the spinal cord makes it impossible for the central nervous system to differentiate between stimulation of receptors in the two sites. Convergence of afferents from more than one site in the abdominal viscera has been demonstrated, which may explain why it is usually impossible for a patient to know from which part of the abdomen pain is arising. If this is true for painful stimuli (such as extreme distension of a viscus), then it is likely to be true also for discomfort generated by moderate distension or for subconscious metabolic signals generated by the normal processing of nutrients and metabolites. This is especially likely to be true if, as outlined above, those pathways responsible for the sensation of abdominal pain are the same as those involved in physiological regulation.
Convergence is not restricted to the spinal cord, because the whole afferent nervous system is convergent and a similar pattern of grouping and integration of signals occurs in the brain. The net result is that there is a lack of specificity in the information that gets through to the integrating centers and circuits of the central nervous system. This does not mean, however, that there is lack of sensitivity but just a lack of specificity. It is likely that the ruminant animal does not know exactly what stimuli are making it feel uncomfortable, hungry, or satiated.
Indirect Stimulation. It is not uncommon for stimulation of receptors in one part of the digestive tract to have consequences elsewhere that might influence voluntary intake indirectly. For example, high levels of VFA in ruminal fluid inhibit reticulo-ruminal motility and therefore the stimulation of mechanoreceptors (Leek, 1983) .
Maximal stimulation of one population of receptors, perhaps causing discomfort or even pain, may saturate the control system and prevent other stimuli having additive effects on feeding. Thus, extreme distension of the reticulum depressed intake to a marked extent, but simultaneous abomasal distension had no further effect (Grovum, 1979) . In our own work (Adams and Forbes, 1981) , there was less than an additivity of effects on intake of sheep when supraphysiological levels of stimulation were applied, i.e., 2-L balloon distension, 4 mmol/min sodium acetate, or 1.2 mmol/ min sodium propionate into the rumen.
Gut hormones are also important in organizing responses to nutrients; of these hormones, cholecystokinin ( CCK) has been viewed as particularly important in the control of food intake. Cholecystokinin produced in the duodenal wall in response to fats and proteins in the lumen activates local muscular responses, which in turn are likely to stimulate mechanoreceptors. In addition, there are CCK receptors in specific vagal nerve endings in the gut, but the function of these is not clear.
Central Nervous Integration
Further convergence, in addition to that occurring in the spinal cord, takes place in the hind-, mid-, and forebrain. For example, vagal afferents enter the hindbrain at the vagal nucleus that is closely associated with the nucleus of the solitary tract and other contiguous areas that are also part of the spinal pathway to the mid-and forebrains. This part of the central nervous system is itself sensitive to a lack of energy-providing substrates (Grill, 1986) , thereby providing a potential site for integration of specific abdominal stimulation and more general whole-body energy status.
Gastric distension increases the frequency of discharge of neurons in the ventromedial hypothalamus ( VMH) and inhibits those in lateral hypothalamic area ( LHA) . Barone et al. (1979) showed that units in the LHA-medial forebrain bundle influenced by gastric distension were less sensitive in food-deprived animals than in those fed ad libitum. Units in the LHA were also inhibited by hepatic glucosensitive afferents in rats (Oomura and Yoshimatu, 1984) .
In the forebrain, visceral information, modulated by such factors as hindbrain energy status, is integrated with information from the special senses and conscious brain, and the way in which the animal's feeding behavior responds is also subject to considerable influence of what the animal has previously experienced (Provenza, 1995) . Thus, an animal is more likely to start eating, at any given level of nutrient status and visceral stimulation, if members of its group are eating than if they are not and is likely to eat more of a food for which sensory properties are familiar and which has not previously led to abdominal discomfort.
So, in addition to great complexity in the transmission of information from abdominal receptors to the central nervous system, there are further complexities within the brain itself. Further, central nervous system activity, partly influenced by metabolic and physical factors in the rest of the body, controls such activities as the secretion of hormones such as growth hormone and insulin, which are involved in nutrient utilization and which in turn influence food "requirements" and thus intake. Cervero and Tattersall (1987) stated that "Much more work is required to determine the mechanisms by which visceral sensory processing is accomplished at the level of the brain."
Integration in Models of Intake
To what extent can this complexity be encompassed by quantitative models? A model must be a simplification of the system it seeks to describe, and much of the purpose of modeling is to encapsulate the major features of the system in as simple a form as possible. It is clear from the foregoing discussion that attempts to simulate the intake-controlling system, and to predict intake from a few parameters that characterize the food and the animal, are almost certainly doomed to failure, even if they seem to explain much of the variation in a narrow set of observed data.
However, the notion that a system is too complex to model cannot be contemplated! Rather, we accept that our models are incomplete and try to distill into them the features we believe to be most important. A common strategy has been to calculate two or more possible levels of intake, according to two or more constraining or controlling influences, and to predict that the animal eats whichever of these predictions is the lowest. The original models of Forbes (1977) calculated physically limited and metabolically desirable intakes and used the lower of the two. The much more sophisticated approach of Poppi et al. (1994) calculated the intake predicted for each one of six types of limit and again used the lowest of these. These models did not incorporate the concept of integration, expressed earlier in this review as additivity, but rather used the principle of the "weakest link" or "lowest common denominator."
The approach of Fisher and colleagues, the most recent exposition of which was presented in this Symposium (Fisher, 1996) , integrates physical, energy, and protein factors in a multiplicative framework that is, in principle, more complex than additivity. Forbes (1995) has discussed the difficulty with multiplicative theories; the integration of information from various groups of temperature receptors in goats has been clearly demonstrated by Jessen (1981) to be by addition rather than multiplication.
Additivity of distension and energy signals is implicit in the minute-by-minute rat feeding model of Booth (1978) . Although Forbes (1980a) adopted a similar approach for ruminants, his model did not add signals but rather treated them in a mutually exclusive manner, so clearly this model needs to be updated to take account of the likely additivity of negative feedback effects, rather than their exclusivity.
New approaches to modeling food intake in ruminants are required, and there are artificial intelligence techniques such as neural networks that are worthy of investigation for their usefulness in this field. These techniques use iterative processes that "learn" the best ways of achieving goals, without necessarily closely mimicking the mechanisms used by the living animal. There is need for more experimental studies of the ways animals learn about the nutritive value of novel foods or about the relationships between experimental interventions (such as balloon distensions or chemical infusions) coupled with novel flavors, in order to give us a firmer foundation for our future modeling activities.
Conclusion
Contrary to many reviewers, I have not tried to present a simple theory of how forage intake is controlled in ruminant animals. Rather, I have tried to encompass the complexity of the animal as it really is-as it has evolved in order to give itself the best chance of surviving and propagating its genes. The physiological bases of integration of visceral information have been discussed in detail in this review in order to establish the feasibility of the concept of additivity of factors. The challenge now is to see how to impose sufficient structure and simplicity on our understanding of the intake-controlling system that we can improve our ability to predict the weight of forage eaten and pattern of feeding and diet selection under a wide range of conditions in the field and feedlot. Clearly, further experimentation is required, and this requires testable hypotheses; this review has attempted in a general way to point to such hypotheses.
Implications
The likelihood that the various factors influencing voluntary food intake by ruminants are interpreted in an integrated manner, rather than a mutually exclusive manner, has some important implications for our understanding of how to predict intake and maximize the utilization of forages. It is unrealistic to try to predict intake of forages solely from the physical attributes to food (particle size, cell wall content) and animal (gut capacity). However, it may be that these
